We use magnetic fields up to 30 T to study the circularly polarized magneto-photoluminescence (PL) of colloidal PbS nanocrystals. A semiclassical model for the population of polarized excitons is used to account for the measured magnetic field and temperature dependence of the degree of circular polarization of the PL emission and to probe the g factor, gX, of the exciton. We report a systematic dependence of gX on the nanocrystal size with values that increase from 0.1 to 0.3 at low temperature (T < 10 K) with decreasing the nanocrystal diameter from 9 to 4 nm.
T he PbS and other lead chalcogenides (PbSe and PbTe) nanocrystals belong to a class o f narrow energy gap (0.2-0.4 eV) IV-VI com pounds w ith a unique electronic band struc ture and physical properties, w hich distinguish them from II-V I (CdSe, CdTe, etc.) and III-V (InAs, InP, etc.) quantum dots (Q D s).1 B eside the tunability o f their energy spectrum in the near infrared region (NIR) and a regim e o f strong confinem ent o f carriers, IV-VI Q D s exhibit interesting excitonic phenom ena, such as long recom bination tim es (> 1 0 0 ns),2 a com plex exciton fine structure,3 and an u l trafast fine-structure relaxation dynam ics.4 T hese properties result from the com bination o f bulk m aterial properties, quantum confinem ent, electron-hole Coulom b and exchange interactions.3 In particular, as the valence-and conductionband originate both from the fourfold-degenerate L valleys o f the B rillouin zone, the lead chalcogenides define a inter esting type o f excitonic prototype w ith the low est-energy level corresponding to a nondegenerate dark state, follow ed at higher energy by a triple degenerate bright exciton state.3
In recent years, excitonic effects have been investigated in both self-assem bled and colloidal quantum dots by m agneto optical studies.5-11 M agneto-photolum inescence (PL) studies have provided useful m eans o f probing the confinem ent and fine structure8 of the exciton, as w ell as the dependence of the exciton g factor, g X, on the lattice tem perature,9 electric field,10 and on the size and shape o f the Q D s.11 However, despite num erous studies o f the physical properties o f lead chalcogenide Q D s and their exploitation in several applications,12-14 their excitonic properties in m agnetic field are still largely unexplored and are essential to test existing m odels o f the electronic properties o f these nanocrystals.
In this B rief R eport, w e use static m agnetic fields, B , up to 30 T to investigate the circularly polarized m agneto-PL of colloidal PbS nanocrystals w ith em ission in the N IR (1000 1300 nm) and average diam eter ranging from 4 to 9 nm. A sem iclassical m odel for the population o f polarized excitons is used to describe the m agnetic field and tem perature depen dence of the degree of circular polarization (DCP) o f the QD PL em ission. In turn, this allow s us to probe the g factor of the exciton and its dependence on the Q D size.
For our studies w e use colloidal thiol-capped PbS QDs synthesized in aqueous solution follow ing the m ethod p io To provide a quantitative description o f the D C P data, w e u se the sem iclassical m odel o f Ref. 17 . T he Zeem an interac tion of the electron and hole spin w ith the m agnetic field splits the degenerate bright exciton states w ith total angular m om entum +1 and -1 . T he low est optically allow ed bright excitons correspond to excitons w ith spin= ± 1 and Zeem an energy splitting given by A E e=gXß BB cos 0, w here gX is the exciton g factor, /xB is the B ohr m agneton constant and 0 represents the angle betw een B and the preferential axis of polarization of the nanocrystal; since in these transitions electrons and holes have both s =1 /2 or s = -1 / 2 , the exciton g factor can be also expressed as gX = \ge -g h \. To account for the random orientation o f the nanocrystals, the value of 0 is averaged out to generate the follow ing expression for the D C P :18 T he calculated dependences of the D C P on B and T re produce accurately the m easured data. T he D C P (B ) curves at various T are show n in Fig. 2(b) for a Q D sam ple w ith av erage diam eter d = 4 nm. T he calculated and m easured lowtem perature D C P(B ) curves for Q D sam ples w ith different d are show n in Fig. 3(a) .
L et us first consider the Q D sam ple w ith d = 4 nm (Fig.  2) . A t T = 7 .5 and 13.5 K, the least-squares fit to the data by Eq. ( 1) is obtained w ith gX = 0 .3 2 ± 0.05 and ts/ t = 0.8 ± 0.2, O ur data and analysis for all our Q D sam ples indicate a system atic increase in gX w ith decreasing the average QD diam eter. The value o f gX increases from gX = 0 .1 2 ± 0.05 for d = 9 nm to gX = 0 .3 2 ± 0.05 for d = 4 nm (T < 8 K ), see Fig. 3(b) . A n increase in gX w ith decreasing the Q D size was reported for InP nanocrystals;11 also, m easurem ents on self assem bled InG aA s/G aA s Q D s have show n a high degree of tunability o f gX by varying the Q D m orphology 11 or by ap plying an external electric field.10 T hese effects arise from quantum confinem ent and m aterial properties9 b u t w ere n ever reported before for PbS Q D s. A lso, since for bulk PbS it w as show n that gX ~ 0 ,19 w e infer that the quantum con finem ent o f carriers in PbS QD s has a strong effect on the g factor o f the exciton.
T hese results are relevant to recent calculations o f the excitonic exchange splitting and radiative lifetim e o f lead chalcogenides Q D s, w hich have predicted a distinct type o f excitonic exchange splitting pattern that is highly sensitive to the Q D size.3 A lthough our m easurem ents on the Q D en sem ble do n o t reveal the exciton fine structure, the polariza tion data indicate a system atic dependence o f the exciton polarization properties on the Q D size, w hich has n ever been reported before for this type o f nanocrystals. W e also note that the values o f gX derived from the analysis o f the D C P correspond to Z eem an energy splittings A E less than 0.5 (Fig. 1) . This phenom enon m erits further investigation by optical spectros copy o f individual QD s and lifetim e m easurem ents to re solve the exciton fine structure and also to identify alterna tive recom bination processes, i.e., phonon-assisted peaks, em ission related to surface states, etc. M odel calculations are also needed to describe the effect o f a m agnetic field on the exciton fine structure in PbS QD s and other IV-VI QDs, such as PbSe Q D s, reported in the recen t literature.20
In sum m ary, PL experim ents in m agnetic fields up to 30 T w ere perform ed on ensem bles o f colloidal PbS nanocrystals w ith average size in the range 4 -9 nm . In all sam ples, we have observed a large degree o f circular polarization o f the Q D PL em ission (D C P = 2 5 -3 5 % at B = 30 T and T < 10 K) and no diam agnetic energy shift. T he data indicate a strong exciton confinem ent in the Q D and the existence of a population o f spin-polarized excitons. A lso w e find that, although the degree o f PL polarization does depend on the Q D size, the g factor o f the exciton exhibits a system atic dependence on the nanocrystal size w ith values that range from 0.1 to 0.3 at low tem perature. This w ork is supported by the L everhulm e Trust, The U niversity o f N ottingham , and E uroM agN E T II under the E U C ontract N o. 228043. W e acknow ledge useful discus sions w ith N. R. Thom as.
